Abstract -Aims: To study the long-term changes of dendritic spine and synapse taking place in a mouse model of fetal alcohol spectrum disorders (FASDs). Methods: Pregnant mice were intubated daily with ethanol (EtOH) from E5 to parturition. A DiI diolistic method was used to label dendritic spines of pyramidal cells in the visual cortex of EtOH-exposed and control pups over the period from postnatal (P) day P0 to P30; synaptic ultrastructure was also analyzed using transmission electron microscopy. Results: Prenatal alcohol exposure was associated with a significant decrease in the number of dendritic spines of pyramidal neurons in the visual cortex and an increase in their mean length. The changes were dose dependent and persisted to P30. Ultrastructural changes were also observed, with decreased numbers of synaptic vesicles, narrowing of the synaptic cleft and thickening of the postsynaptic density compared to controls; ultrastructural changes also persisted to P30. Conclusions: Prenatal alcohol exposure is associated with longterm changes in dendritic spines and synaptic ultrastructure; these alterations probably reflect the developmental retardation of dendritic spines and synapses in visual cortex. These long-term changes are likely to contribute to lifelong mental retardation associated with childhood FASDs.
INTRODUCTION
Prenatal ethanol (EtOH) exposure can potentially jeopardize both pregnancy and embryo. Maternal alcohol exposure during gestation can cause serious injury to the fetus, resulting in fetal alcohol syndrome (FAS) (Jones and Smith, 1973; Sulik et al., 1981) . Generally classified as a clinical syndrome, FAS is associated with growth retardation, facial dysmorphology and a range of neurobehavioral impairments Smith, 1973, 1975; Abel and Sokol, 1986; Ahveninen et al., 2000; Sampson et al., 2000) . In 2004, National Organization on Fetal Alcohol Syndrome recommended that fetal alcohol spectrum disorder (FASD) was to encompass various alcohol-related disease categories such as FAS, alcohol-related birth defects, alcohol-related neurodevelopmental disorder, etc. FASD was defined as a series of prenatal alcohol effects, including physical, mental, behavior and learning difficulties, with possible lifelong implications (Banakar et al., 2009) . Prenatal EtOH exposure has been modeled in rodents (Berman and Hannigan, 2000) , and alcohol-related cortical abnormalities include neuroapoptosis (Han et al., 2005; Young et al., 2005; Jiang et al., 2007) , neuron loss and dendritic alterations (Stoltenburg-Didinger and Spohr, 1983; Pentney et al., 1984; Qiang et al., 2002; Deng and Elberger, 2003) . Increasingly, pathological alterations taking place in dendritic spines and synapses have become the focus of alcohol neurotoxicology because of their central role in learning and memory processes. Chronic prenatal alcohol exposure was reported to cause structural alterations in dendrites and their spines in neonatal and adult rats (Berman et al., 1996; Zhou et al., 2007; Whitcher and Klintsova, 2008) and to reduce hippocampal synaptogenesis (Tanaka et al., 1991) ; ultrastructural changes include decreased numbers of synaptic vesicles (Lolova et al., 1989) .
Although prenatal alcohol exposure has been associated with impaired synapse formation and changes in ultrastructure, it is not yet known how these contribute to FASDs. Importantly, it remains unclear whether these changes persist during postnatal development and whether they underlie long-term neurobehavioral impairments. Indeed, the extent of alcohol-induced changes in synaptic ultrastructure remains controversial (Hoff, 1988; Lancaster et al., 1989; Lolova et al., 1989) . To study the alcohol-induced changes taking place in the developing brain, we therefore used DiI diolistic assay and electron microscopy to analyze dendritic spines and synaptic ultrastructure from postnatal (P) day P0 to P30 in the visual cortex of mice exposed prenatally to alcohol. The use of visual cortex as a target area in this study had special significance. As one of sensory cortices, the synapses in visual cortex show strong plasticity in critical developmental periods, especially in the first 2 postnatal weeks in mice (Hübener, 2003; Feldman, 2009; McCoy et al., 2009) . On the other hand, the visual cortex has ever been observed in our previous studies on EtOH neurotoxicology, and the data in this present study make meaningful comparison with previous studies for indepth analysis. Our big goal is to understand how prenatal EtOH exposure affects synaptogenesis and causes long-term central nervous system (CNS) damage, and we hope our efforts can help to improve the prevention and treatment of neurobehavioral deficits in children with prenatal exposure to EtOH.
MATERIALS AND METHODS
Animal model for prenatal EtOH exposure C57BL/6 mice were used in this study. All experiments were carried out in accordance with the guidelines and approval of the Animal Welfare and Use Committees of Henan University to ensure animal welfare during experiments. Adult male and female mice were housed in standard breeding cages with a 12 h:12 h light:dark cycle. Females were checked each morning for the presence of a vaginal plug; a positive plug was defined as E0. Embryonic (E = day of conception, E0 = vaginal plug found in mated females) or postnatal (P = days postnatal, P0 = the first 24 h after birth) offspring were produced from timed pregnancies. Prenatal EtOH exposure was performed as described by Deng and Elberger (2003) and Jiang et al. (2007) . The treatment groups and cases are shown in Table 1 . Pregnant females were housed singly and were assigned to one of two groups. (i) EtOH treatment groups: females received a daily intragastric gavage of 25% (w/v) EtOH at a dose of either 2.0 g/kg or 4.0 g/kg, beginning on E5 and continuing to parturition. To allow the stomach to empty and to facilitate the absorption of EtOH, food was removed 2 h before EtOH dosing. Animals were weighed and gavaged at the same time each day. The dosage of EtOH exposure was designed according to Bonthius and West (1998) . They reported that the lowest blood alcohol concentration (BAC) causing fetal CNS impairment was most likely 150 mg/dl. In this study, the moderate dosage treatment was 150-300 mg/dl according to demand. (ii) Control groups: chowfed females were allowed free access to food and water except in the morning when food was removed for ∼2 h prior to weighing. The pairfed females were intubated with same quantity of isocaloric and isovolumetric maltose-dextrin as the EtOH treatment groups. Because there were no significant differences in dendritic spine lengths or densities between the pairfed and chowfed groups, the data from the two control groups were combined in order to increase the statistical power of the analysis (see also Deng and Elberger, 2003) . Control animals typically gave birth after E19, whereas EtOH treatment delayed birth by 1-2 days to E20 or E21. The eye-opening age was usually 1-2 days later than the control (Table 1) . The offspring's sex was not focused in the study due to difficulty in sex identification in neonatal mice. One hundred and seventy-four animals at P0, P7, P14 and P30 were used for the alcohol toxicological study (Table 1) , another 115 animals of P0-P30 were used for studies of developmental spine. The primary visual cortex was analyzed as defined by the mouse brain atlas. Because cortical plate development is dynamic and is not fully developed until P7 in the mouse (Bayer and Altman, 1991) , pyramidal cells in layers V-VI were targeted for the study. Sometimes, the pyramidal cells in hippocampus were also used to compare with the data from visual cortex (data not shown).
BAC measurements
On E10 and E15, the tail tip of pregnant EtOH treatment mothers was nicked with scissors 60 and 120 min after gavage, and 10 μl of blood was collected into heparinized hematocrit tubes. Serum (∼5 μl) was prepared by centrifugation and BAC was determined using an ANALOX model GL5 Analyser. Four BAC values were obtained from each dam (two on each E10 and E15). The highest of the four values was defined as the peak BAC value of the dam and her offspring. The peak BAC of the 4 g/kg dose group was in the range of 300-500 mg/dl; the peak BAC of the 2 g/kg group was in the range of 150-300 mg/dl. These groups were accordingly designated as high and moderate EtOH treatment groups, respectively.
Diolistic labeling of pyramidal cells and dendritic spines with DiI
Synapses in the mature CNS are predominantly located on dendritic spines. We therefore studied the development of dendritic spines during the immediate postnatal period with DiI (1,1′-dioctadecyl-3,3,3′,3′-tetramethylindocarbocyanine) diolistic assay. Pups were transcardially perfusion-fixed with 4% paraformaldehyde and postfixed in the same fixative for 1-2 days at 4°C. Coronal sections (50 μm) were then cut using a vibratome. Slices were washed and stored in phosphate buffer (PB) for DiI delivery. Gene Gun bullets were prepared by a modification of the methods of Gan et al. (2000) and Deng et al. (2006) . Briefly, 4 mg of gold particles (1.6 μm diameter) was mixed with 2.5 mg DiI (Sigma) and dissolved in 250 μl methylene chloride. After drying, the coated particles were collected into 1.5 ml water and placed into a sonicator for 5 min. The solution was then vortexed for 15 s and immediately transferred to 1 mm diameter Gene Gun tubing (BioRad). The tube was sealed with parafilm at both ends, and gold particles were allowed to adhere to the tubing at 4°C for 1-2 days. After withdrawing the solution, the tubing was dried under constant nitrogen flow for 30 min. The tube was cut into small sections and stored in a dessicated container at 4°C for up to 1 month. For particle delivery, slices were transferred to a Petri dish, the medium was drained, and DiI-coated particles were delivered using the Helios Gene Gun system (BioRad) at a pressure of 150 psi. After delivery, slices were incubated in phosphatebuffered saline (0.15 M NaCl, 0.015 M sodium phosphate pH 7.2) at 4°C overnight to allow diffusion of the dye along the neuronal processes. After washing (3×), sections were counterstained with 4′,6-diamidino-2-phenylindole (DAPI; 1:8000, Santa Cruz, sc-3598) and coverslipped under 65% glycerol in 0.1 M PB.
Photography and confocal imaging
Photomicrographs were obtained using an epifluorescent microscope (BX61, Olympus, Japan) with rhodamine or fluorescein isothiocyanate (FITC) filter sets. High-quality sections were photographed under a laser confocal microscope (FV1000, Olympus, Japan) using a ×64 NA1.4 oil objective with separate scanning at 356 nm (for DAPI) or 568 nm (for DiI) laser lines. DiI-labeled dendrites were visualized using a 4× digital zoom and scanned at 0.5 µm intervals along the Z axis with a voxel resolution of 116 × 116 × 285 nm 3 . Transmission electron microscopy Pups were anesthetized (sodium pentobarbital, 20 mg/kg, i.p.) and perfused transcardially with 4% paraformaldehyde and 1% glutaraldehyde in PB. Visual cortices were dissected into tissue blocks (1 × 1 × 1.5 mm) using a razor and postfixed in 4% glutaraldehyde for 4-12 h at 4°C. After washing several times in PB, all samples were postfixed in 1% OsO 4 for 1 h before dehydration in graded EtOH and embedded in Epon 812 resin (Durcupan ACM; Sigma-Aldrich, Gillingham, UK). Layers V-VI were localized in semi-ultrathin sections under light microscopy and ultrathin 70-80 nm sections were cut (Reichert Ultracut E; Leica, Vienna, Austria) and stained with uranyl acetate, followed by lead citrate. The synapses in layers V-VI were imaged using a Hitachi H-7500 electron microscope (Japan).
Statistical tests
Measurements. For measurements of dendritic spine lengths and densities, the lateral dendrites of pyramidal cells in layers V and VI were measured with Imagej soft program. The whole lateral dendrite in the photo was used for measurement, and the measurement started from the spine closest to the cell body in order to minimize length variation associated with different dendrite localizations. Dendrites that did not connect with the pyramidal cell body were not analyzed. Spines were measured at P0, P7, P14 and P30. Two parameters were employed: (i) density of spines (DS): DS = number of spines / length of dendrites and (ii) average length of spines (ALS): ALS = total length of spines / number of spines. Ultrastructural parameters for synapse analysis were (i) the width of synaptic cleft (WSC) and (ii) the number of synaptic vesicles (NSV) where NSV = synaptic vesicles in presynaptic elements / area of presynaptic elements. All parameters were recorded and used to draw the histograms for the treatment groups and controls at P0, P7, P14 and P30.
Statistical analyses. DS, ALS, WSC and NSV values obtained in the different groups according to treatment (high EtOH, moderate EtOH and controls) and at different ages (P0, P7, P14 and P30) were recorded in a Microsoft Excel spreadsheet; inter-group comparisons were performed using the one-way ANVOA q test.
RESULT

Normal development of dendritic spines
We first analyzed the development of dendritic spines over the period from P0 to P30 in the animals of unexposed dams, focusing on the spines and filopodia of lateral dendrites of pyramidal cells in layers V-VI of the visual cortex. DAPI counterstaining was used to facilitate recognition of these cell layers (Fig. 1a) . Although both neurons and neuroglia were labeled with DiI, they could be clearly distinguished on the basis of their morphological features. Pyramidal cells were identified from their large and triangular cell bodies and their lengthy axonal projections; apical dendrites, several lateral and basilar dendrites could also be recognized (Fig. 1b) . The developmental pattern of dendritic spine was that the spines were generated on dendrites, with an increase of their numbers and a reduction of the mean dendrite length as a function of age. At P0, the lateral dendrites of pyramidal cells in layers V-VI were smooth with rare bead-like varicosities of various sizes. The varicosities appeared larger at the dendritic roots than at the tips of the dendrites. Some filopodia or dendritic branches emanated from the varicosities. By P3, the dendrites were elongated, and the dendritic varicosities were more abundant. Filopodia of diverse lengths were observed to extend from the varicosities, indicating filopodia proliferation and multiplying of dendritic branching. By P7, some filopodia still grew out from varicosities although some appeared to arise directly from dendrites. Filopodia differentiation into dendritic spines was clearly observed at P10. By P14, dendritic varicosities had mostly disappeared. With a further increase in dendritic spine density, these spines of uneven length became increasingly crowded. By P30, however, spine length was shorter, denser and more uniform than at P14 (Fig. 1c-h ).
Effects of prenatal EtOH exposure on dendritic spines Synapses are generally located at the surface of dendritic spines, and the development and density of dendritic spines At P0, pyramidal cell dendrites are smooth with rare bead-like varicosities of various sizes; some filopodia or dendritic branches emanate from the varicosities. At P3, the dendrites have elongated; dendritic varicosities are more abundant and filopodia of diverse lengths extend from the varicosities. At P7, some filopodia still grow out from the varicosities but some appear to arise directly from the dendrites. By P14, dendritic varicosities have almost disappeared and dendritic spines are crowded with uneven lengths. By P30, spine length is shorter, denser and rather more uniform than at P14. Scale bars: 200 μm in (a), 30 μm in (b), 6 μm in (c-h).
are likely good indicators of the extent of synapse formation.
As noted above, in the offspring of unexposed dams, the number of dendritic spines increased and dendrite lengths shortened progressively as a function of age. These age-dependent changes were also observed in the offspring of EtOH-exposed dams, but there were quantitative differences between the different treatment groups and controls. The numbers of dendritic spines were reduced in the EtOH-exposure groups with greater lengths as compared to controls. As shown in Fig. 2 , spine density in the treatment groups was significantly lower than in Fig. 2 . Changes of dendritic spines in control (C), low-dose (L) EtOH and high-dose (H) EtOH animals at different ages (P0, P7, P14 and P30) as indicated. There was a dose-dependent reduction in the spine density in the treatment groups and a dose-dependent increase in spine length. Scale bar: 6 μm in panels (a-i). . Statistical analysis employed one-way analysis of variance (ANOVA) q tests. * , P < 0.05, and * * , * * * , * * * * , P < 0.01, if EtOH treatments versus control. * * * , P < 0.05 and * * * * , P < 0.01, if H-EtOH versus M-EtOH.
controls; the density reduction was dose dependent as high (H)-EtOH exposure group had a larger reduction than the moderate (M)-EtOH group. This finding suggested that prenatal alcohol exposure reduces dendritic spine density in the pyramidal cells in layers V-VI of the mouse visual cortex. At the same time, the overall length of the spines was significantly increased in the exposed animals versus controls. The extent of the increase was dose dependent and was greater in the H-EtOH group than in the M-EtOH group. In Fig. 3 , the histograms present the measurements of dendrite spine densities (DS) and average spine lengths (ALS) as well as the statistical significance of the differences among the different groups. After prenatal alcohol exposure, DS values were reduced and ALS values were systematically increased at all ages from P0 to P30 in a dose-dependent manner. We conclude that prenatal EtOH exposure of mice has long-term effects on dendritic spines development in the visual cortex.
Prenatal EtOH exposure and changes in synapse ultrastructure In mice, synapses with a typical mature ultrastructure do not appear until about P7 (Li et al., 2009 ), but from P7 onwards both Gray type I and type II synapses can be recognized. The two types of synapse are distinguishable in view of the fact that the type I synapses have a wider synaptic cleft and a more prominent postsynaptic density. Because Gray type I synapses are generally thought to represent excitatory synapses, and type 2 synapses are predominantly inhibitory, we focused on the type I synapses. We compared synaptic ultrastructure in the animals of high EtOH treatment at different postnatal ages with that in unexposed animals.
A striking change in synaptic ultrastructure was observed in EtOH-exposed animals. The width of the synaptic cleft was significantly reduced, and this was accompanied by a dense and thick postsynaptic density in the postsynaptic membrane that substantially overlapped with the synaptic cleft ( Fig. 4a-f ). Ultrastructural analysis also revealed quantitative changes in the numbers of synaptic vesicles. As shown in Fig. 5 , prenatal EtOH exposure was associated with a significant reduction in the width of the synaptic cleft, with substantially less synaptic vesicles. The reduction in both parameters was significant at all postnatal time points analyzed (P7, P14 and P30). We conclude that prenatal EtOH exposure causes long-lasting changes in synaptic ultrastructure in the mouse visual cortex.
DISCUSSION
Prenatal alcohol exposure can impair CNS development, with reduced neonatal brain weight accompanied by neuronal apoptosis and dendritic lesions. Previous studies have investigated pathological alterations of dendritic spines and synapses after prenatal or postnatal exposure rats to EtOH (González-Burgos et al., 2006) . Binge-like alcohol exposure of the rat neonate was reported to reduce spine density significantly in the apical dendrites of prefrontal cortex pyramidal cells (Whitcher and Klintsova, 2008) . Dendritic spines were reported to be significantly elongated in rat cerebellar Purkinje cells after 5 months of EtOH consumption. Other studies have reported that prenatal alcohol exposure can cause the persistent predominance of long, thin and entangled spines, but a decreased number of normal stubby and mushroom-shaped spines (StoltenburgDidinger and Spohr, 1983) . However, the notion that alcohol exposure influences the density and structure of dendritic spine still warrants further studies. Recently, Hamilton GF et al. (2010) observed the alterations of dendrites and dendritic spine in prefrontal cortex with a rat postnatal exposure model. They observed a significant decrease in both the length and number of basilar dendrites with more immature spines on them after alcohol exposure. Interestingly, the effects of alcohol were not seen in the apical dendrites, indicative of alcohol having different influences on different parts in a single neuronal cell. Hamilton DA et al. (2010) also observed a reduction of spine density in the frontal cortex in male rats following prenatal EtOH exposure, but not following postnatal binge exposure. Both studies of Hamilton GF et al. and Hamilton DA et al showed that alcohol exposure can cause alterations of dendritic spine, although the changes were different in various dendrites and at various stages of alcohol treatment. Alcohol exposure can also induce alterations in synaptic ultrastructure. Using quantitative electron microscopy, Hoff (1988) found that prenatal EtOH exposure induced synapse turnover; a decrease in the number of presynaptic vesicles was also reported (Lolova et al., 1989) . It is known that vulnerability to alcohol toxicity coincides with major periods of synaptogenesis: the last third trimester of pregnancy in human and the first 2 postnatal weeks in mice (Ikonomidou et al., 2000) .
In the present study, pregnant mouse dams were intubated from E5 to parturition in order to imitate EtOH consumption by female alcoholics during pregnancy. We report pathological alterations taking place in the dendritic spines and synapses of pyramidal cells in layers V-VI of the primary visual cortex of pups exposed in utero. The length of dendritic spines was significantly increased while at the same time spine density was reduced. Both changes were dose dependent. For example, the mean DS in the visual cortex at P0 was 0.13 spines/µm in the high EtOH group and 0.18 spines/ µm in the moderate EtOH group, compared to 0.21 spines/µm in controls. q Test revealed that differences between the three groups were significant (P <0.01). Importantly, these changes persisted to P30. Significant and dose-dependent reductions in spine density, and increases in spine length, were also observed at P7, P14 and P30. These findings indicate that prenatal alcohol exposure produces long-lasting changes in the mouse visual cortex. The similar results were also found in the dendritic spines of pyramidal cells in hippocampus (data not shown). Both reduced density and spine elongation are likely to reflect retardation of spine development because dendritic spines in very young animals are generally longer and sparser than in more mature animals (Li et al., 2009) . A reduced number of dendritic spines are also likely to reflect a reduction in total synapse number, and this could lead to a compensatory increase in length as spines extend in the attempt to make new synaptic contacts. We hypothesize that spine elongation is a mechanism to compensate for the insufficiency of synapses (Wenisch et al., 1998) . We also investigated the ultrastructure of Gray type I synapses in the visual cortex following prenatal EtOH exposure. There were significant reductions both in the numbers of synaptic vesicles and in the width of the synaptic cleft. These ultrastructural features are also likely to reflect a retardation of synaptic development. During synaptogenesis, the number of presynaptic vesicles increases and the width of the synaptic cleft increases as the synapse matures (Ahmari and Smith, 2002; Li et al., 2009) . Reduced numbers of synaptic vesicles and narrower synaptic clefts are ultrastructural indicators of immature synapses. We also observed that the postsynaptic density was larger and denser following prenatal EtOH exposure, indeed the postsynaptic density was so prominent that it substantially overlapped the synaptic cleft. The pathological significance of this observation warrants further investigation.
Together our analysis of dendritic spine length and density, and of synapse ultrastructure, points to the conclusion that prenatal EtOH exposure causes a retardation of dendritic spine and synapse development. It is known that sensory cortices usually are plasticized with experience-driven changes in synaptic efficacy especially in the critical developmental periods. This may include electroneurophysiological plasticity such as long-term potentiation and long-term depression, and also structural plasticity including formation, removal and morphological remodeling of cortical synapses and dendritic spines (Feldman, 2009; McCoy et al., 2009) . Therefore, the visual cortex provides us good model to investigate the synaptic plasticity. In the experiment, the synaptic plasticity has been studied in the visual cortex with changes of dendritic spine and synaptic ultrastructure after prenatal alcohol exposure. Our study implicates that the prenatal alcohol exposure can induce visual impairment, and the alterations of dendritic spine and synaptic ultrastructure probably contribute to this visual impairment. It is controversial whether low-dose EtOH is harmful or beneficial for the development of the nervous system. The present study showed that prenatal alcohol exposure can cause the alterations in dendritic spine even with moderate alcohol dose, in agreement with the observation of Schneider et al. (2005) . They reported that moderate alcohol dosage could induce impairment of striatal dopamine system. We have observed the long-term effect of alcohol with the mice younger than P30. Because the sexual maturity in mice starts after P30, mice at P30 can be regarded as the adolescent. The study duration before adolescent age should be long enough to investigate the long-term effect of prenatal alcohol exposure. However, it would be interesting to continue our observation after P30 for further investigation. The molecular mechanisms underlying alcohol-induced CNS damage have not been elucidated completely (Butterworth et al., 1993) , but it has been suggested that EtOH interferes target cells in the functions of N-methyl-D-aspartate (NMDA) glutamate receptors and gamma-aminobutyric acid A (GABA A ) receptors. We previously reported that prenatal alcohol exposure could induce pyramidal cell dendrite extension and branching in wild-type mice, but these effects were not observed in NMDA receptor knockout mice (Deng and Elberger, 2003) , indicating that the NMDA receptor is crucially involved in the toxic effects of EtOH on neuronal development.
In conclusion, we report that prenatal alcohol exposure decreases the number of dendritic spines and elongates dendritic spines in pyramidal cell of the mouse visual cortex. Synaptic ultrastructure was also affected, with a reduction in the number of synaptic vesicles and a marked narrowing of the synaptic cleft. These observations are consistent with developmental retardation in the maturation of dendritic spines and synapses following prenatal alcohol exposure. The findings are likely to be of relevance to the neurobehavioral syndromes of FASDs; persistent impairment of neural development could underlie the lifelong mental retardation seen in childhood FASDs.
